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A B S T R A C T
The Mobile Bay gas field is located offshore Alabama in the northern Gulf of Mexico. Production is from eolian dunes of the Jurassic Norphlet sandstone at depths exceeding 6100 m (>20,000 ft) and temperatures greater than 200°C. Reservoir connectivity and compositional variation, including the distribution of nonhydrocarbon gases (H 2 S and CO 2 ), are critical factors in production strategy. To evaluate the controls on compositional variation and connectivity, detailed molecular and isotopic analyses were conducted for 29 wells. Analysis of volatiles in fluid inclusions suggests that the field was originally filled with oil that subsequently cracked to gas. In addition to the thermal destruction (cracking) of oil, the process of thermochemical sulfate reduction (TSR) continues to destroy the remaining hydrocarbons through oxidation of gas and reduction of sulfate to form H 2 S and CO 2 . The variable extent of the TSR process at Mobile Bay results in a wide range of hydrocarbon and H 2 S compositions. Condensates are almost exclusively composed of diamondoids whose composition appears controlled by H 2 S concentrations. In contrast to hydrocarbon and H 2 S contents, CO 2 concentrations are relatively constant throughout the field. Carbon isotopic ratios for CO 2 correlate positively with those for wet-gas hydrocarbons but are heavier than expected for CO 2
INTRODUCTION
The Mobile Bay gas field, located offshore Alabama in the northern Gulf of Mexico (Figure 1 ), was discovered in 1979 with the Mobil 76-1 well and began production in 1988. Reserves are estimated to be in the range of several trillion cubic feet of gas. Production is from the Norphlet sandstone at depths exceeding 6100 m (>20,000 ft) and at temperatures greater than 200°C. In the area of Mobile Bay, the Norphlet Formation is an eolian sandstone in a dune complex (erg) oriented in a northwest-southeast direction. At these burial depths and temperatures, resource exploitation is challenged by reservoir quality, occurrence of H 2 S, and hydrocarbon preservation. The presence of pyrobitumen in the reservoir rocks coupled with the production of hydrogen sulfide (H 2 S) and carbon dioxide (CO 2 ) suggests that complex thermal and reduction-oxidation (redox) processes have occurred.
This article addresses these processes as they affect gas composition and reservoir connectivity. The evaluation of reservoir connectivity helps to identify those areas that may already be pressure depleted so that subsequent drilling of nearfield prospects can be high graded. Furthermore, knowledge of spill directions allows the prediction of nonhydrocarbon gas content, especially important for the highly variable Mobile Bay area. Predrill prediction of nonhydrocarbon gas content (H 2 S and CO 2 ) impacts the selection of well-completion materials (corrosivity) and design of top-side facilities for handling the gases. For the evaluation of reservoir connectivity, this article assumes the following two working hypotheses: (1) the molecular and isotopic composition of the hydrocarbon gases can be used to estimate the connectivity of the gas column (i.e., similar compositions imply continuity), and (2) the isotopic composition of CO 2 is in equilibrium with the carbonate in the water leg and can be used to assess waterleg connectivity. If these two hypotheses are valid, a single gas sample can be used to evaluate both gas-and water-column connectivity.
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GEOLOGIC BACKGROUND
In the area of Mobile Bay, Jurassic sediments were deposited as a seaward-dipping package on the passive margin of southern North America. Accommodation space for the sediments developed from the extensional opening of the Gulf of Mexico during the breakup of Pangea in the Early Jurassic (Miller, 1982) . Relatively continuous deposition occurred throughout the Mesozoic. The eolian dunes of the Norphlet Formation are underlain by evaporites of the Pine Hill Anhydrite Member and Louann Salt and overlain by the Smackover Formation source rock. In the area of Mobile Bay, the NorphletSmackover hydrocarbon system is essentially closed, sealed by the mud-rich Smackover carbonates on top and the evaporites (Pine Hill Anhydrite Member and Louann Salt) at the base (Figure 2 ). The Norphlet dunes are cut by east-west listric faults that were most active shortly after deposition.
THERMAL HISTORY AND PROCESSES
Thermal modeling of the sediments in the Mobile Bay area indicates moderate basal heat flow of between 50 and 55 mW/m 2 . This thermal regime accounts for the present-day measured temperatures of 200 to 220°C and vitrinite reflectance (R o ) of about 2.3% at burial depths of about 6500 m (21,320 ft). To match thermotectonic subsidence, an Early Jurassic rift of 80% crustal thinning (i.e., crustal thinning or g of 0.8; crustal stretching or b of 5.0) was used with background heat flows of 50 to 55 mW/m 2 . This is in the range of the higher two heat-flow models derived by Mudford et al. (1995) for the Mobile Bay area. Figure 3 shows the burial history for a typical Norphlet bed within the Mobile Bay field. The modeled temperature (∼215°C) is similar to corrected temperatures for the field as reported by Nagihara and Smith (2005) and maturities (R o ) reported by Rice et al. (1997) . Assuming that the overlying Smackover Formation was the source of the hydrocarbons, the source-reservoir section passed through hydrocarbon generation in the Cretaceous. The burial history suggests that the Smackover entered the oil window (∼0.6% R o ) at 140 Ma and the gas window (∼1.3% R o ) at about 120 Ma. The source rocks were spent by the Late Cretaceous (∼2.0% R o ). High temperatures (>150°C) have existed in the reservoir for the last 100 m.y., affecting both the rock matrix as well as the emplaced hydrocarbons.
Hydrocarbon destruction can occur by either thermal cracking or thermochemical sulfate reduction (TSR). In the former, chemical bonds are broken at high temperatures, and the oil is cracked to gas, condensate, and a residual pyrobitumen. As cracking proceeds, the gas-oil ratio (GOR) steadily increases to the point where all hydrocarbons are converted to methane and pyrobitumen. In contrast, the TSR process oxidizes the hydrocarbons with sulfate, producing H 2 S, CO 2 , and a residual pyrobitumen. Numerous proposed mechanisms for the TSR process exist (e.g., Orr, 1977; Machel et al., 1995; Worden and Smalley, 1996; Machel, 2001; Zhang et al., 2007 Zhang et al., , 2008 Amrani et al., 2008) , but the basic unbalanced equation is
Note the key differences between the two processes. First, in thermal cracking, hydrogen is transferred from the oil to gas with the excess carbon forming pyrobitumen. In TSR, hydrogen is transferred from the oil to the sulfur to form H 2 S, and the carbon is either oxidized to form CO 2 or polymerized to pyrobitumen. Furthermore, the acid gases generated by the TSR process are free to react with the rock-water matrix (CO 2 ), or in the case of H 2 S, the oil, pyrobitumen, and rock (iron). As will be discussed below, the reactivity of the nonhydrocarbon gases from TSR has the effect of removing them from the gas phase to a solid phase, resulting in a net reduction in volume and associated reservoir pressure.
Although both thermal cracking and TSR occurred in the Norphlet Formation in Mobile Bay, differentiating the dominance of either mechanism is difficult. Because of the present-day occurrence of H 2 S, TSR occurred in the past and is likely occurring today. Sulfur isotope ratio analysis of H 2 S from several wells shows an inorganic origin of the sulfur with d 34 S values of +14.8 to +17.1‰, similar to those reported for Jurassic-age evaporites, the Pine Hill Anhydrite Member, and Norphlet anhydrite cements (Claypool et al., 1980; Dixon et al., 1989; Strauss, 1997) .
RESERVOIR CHARACTERIZATION
The mineralogy, complex diagenesis, and porosity implications of the Norphlet Formation are discussed in detail by Dixon et al. (1989) Model of the thermal history of the Norphlet Sandstone in Mobile Bay illustrating the timing of oil and gas generation and the alteration processes of thermal cracking and thermochemical sulfate reduction. LOM = level of organic metamorphism (Hood et al., 1975) ; %Ro = vitrinite reflectance, %; BP = before present; TSR = thermochemical sulfate reduction.
and Mink (1999) . Their discussions are briefly summarized here because mineral diagenesis directly affects the nonhydrocarbon gas compositions.
In the area of Mobile Bay, the Norphlet Formation ranges from 100 to 200 m (328 to 656 ft) in thickness. The Norphlet Formation is an arkosic to subarkosic sandstone with quartz comprising 69 to 75% of the framework composition (Dixon et al., 1989; Kugler and Mink, 1999) . Plagioclase and K-feldspar are in near equal amounts and account for about 21 to 25% by volume, respectively.
The remaining mineral framework consists of lithic fragments from metamorphic, volcanic, and plutonic sources. The present-day feldspar compositions are not primary but are the result of complex diagenetic alteration. The original plagioclase was albitized to a nearly pure sodium end member, and the K-feldspar is nearly pure orthoclase (Dixon et al., 1989, Kugler and Mink, 1999) .
The Norphlet Formation is divided into three porosity zones: the tight zone, the upper porous zone, and the lower porous zone (Figure 4) . The . Fluid-inclusion volatile profile for the Exxon 112-1 well in Mobile Bay showing wet-gas and oil signatures above and dry-gas signature below the interpreted paleo-oil-water contact. Pyrobitumen and lower porosity are observed above the paleocontact. On the left are logs of gamma ray (GR), deep resistivity (ILD), density (RHOB), and porosity (NPHI). The volatiles shown are methane (Meth), ethane (Eth), propane + (C3+), paraffins (Par), and naphthenes (Nap). The ratios shown for gases are ethane/methane (Wet) ranging from 0 to 0.1, and methane/(ethane + C3+) (Dry) ranging from 0 to 100. Also shown on the right is the paraffin to naphthene ratio (P/N ratio), which ranges from 0 to 5. OWC = oil-water contact; Por = porosity; GWC = gas-water contact.
tight zone has porosities of less than 7% with quartz being the dominant pore-occluding cement. Below the tight zone is the upper porous zone with porosities of 7 to 10%. This zone is typically associated with pyrobitumen from a paleo-oil leg (Dixon et al., 1989) . The lower porosity zone lacks pyrobitumen and has porosities exceeding 10% that can approach 20% (Dixon et al., 1989) . Porosity preservation is thought to result from early diagenetic products that inhibited quartz growth (chlorite coats) coupled with minimal early cements and postdepositional fluid movement (Dixon et al., 1989 , Ajdukiewicz et al., 1991 Kugler and Mink, 1999) .
METHODS AND SAMPLING
Two sets of gas samples were collected in Teflonlined cylinders for isotope ratio analysis. The first collection of 15 samples occurred in the fall of 2004, followed by a second collection of 17 samples in the spring of 2005. As most wells in Mobile Bay are sampled and analyzed quarterly for composition by ExxonMobil Production Company, the reported data for each well in Table 1 are average values over a 2-yr period (2004 and 2005) . Isotope ratios of carbon (d 13 C) were determined in duplicate on a Finnigan Delta Plus/XL mass spectrometer interfaced to an HP6890 gas chromatograph (GC) by a Finnigan GC Combustion III. Gases were separated on a J&W Scientific GS-GasPro PLOT column (0.32 mm Â 30 m [0.012 in. Â 98 ft]). Data are reported relative to the Peedee belemnite. Precision of duplicate analysis is generally within ±0.5‰.
Several condensates were collected from the gas separators and analyzed by whole-oil full scan (30 to 350 atomic mass unit) gas chromatographymass spectroscopy (GCMS) on an HP6890 GC interfaced to a quadrupole HP5973 mass selective detector (MSD). Samples were injected on a DB-5 column with an initial temperature of 35°C, an initial hold time for 2 min, programmed at 6°C/min to 310 for a hold time of 20 min. Diamondoid compounds were identified according to the scheme described by Wingert (1992) . Relative abundance of individual diamondoids was determined by the peak areas of the M-15 fragment ion.
Several wells were analyzed for their trapped volatiles content using the fluid-inclusion volatile (FIV) technique (Pottorf et al., 2006) . Basically, samples are crushed in the vacuum of a quadrupole mass spectrometer to liberate compounds trapped in fluid inclusions or strongly adsorbed to the mineral matrix. Certain mass fragments or a combination of masses are assigned to each gas constituent, and the relative concentrations of gases are plotted for the well. For example, m/z 57 is a characteristic fragment of saturated alkanes (paraffins), and m/z 55 is characteristic of cyclic alkanes (naphthenes).
RESULTS

Fluid-Inclusion Volatiles
The FIVs were analyzed for several wells to evaluate migration, product type, and fluid contacts. All wells yielded similar profiles of the liberated volatiles. The Exxon 112-1 well is typical (Figure 4) , where the upper part of the Norphlet Formation shows strong wet-gas and condensate signatures, followed by strong dry-gas indicators in the lower part of the reservoir. In addition to methane, the wetgas (ethane and C 3+ ) and oil (paraffins and naphthenes) intensities are elevated down to 6626.3 m (21,743 ft) and correspond roughly to the base of the upper porous zone of the Norphlet Formation at 6620.3 m (21,720 ft).
Gas Compositions
Mobile Bay shows a wide range in both hydrocarbon and nonhydrocarbon gas compositions (Table 1, Figure 5 ). Hydrocarbon-normalized wet-gas contents (C 2+ ) range from less than 0.1% in the Aloe Bay (AB) area to more than 15% in the north central Gulf (NCG) area. The major nonhydrocarbon gases are CO 2 and H 2 S, with nitrogen generally comprising less than approximately 0.5 mol% of the gases except for the Mobil 75-1 well (1.07%). Hydrogen sulfide shows a wide variation from trace concentrations to about 10%. The lowest concentrations of H 2 S are associated with wetter gases and the highest concentrations with the drier gases in AB and Mary Ann (MA) areas ( Figure 6 ). In contrast to the wide variations in wet-gas and H 2 S concentrations, CO 2 contents are relatively constant throughout the field at about 3.5 mol%. Because CO 2 is a product of TSR, its concentration should parallel that of H 2 S unless a process, such as water-rock interaction, that controls its composition occurs. Previous work by Smith and Ehrenberg (1989) showed that, in the Gulf Coast and North Sea clastic reservoirs, the partial pressure of CO 2 (fugacity) increases with temperature and that the pH of the system appears to be controlled by silicate equilibrium (among clays, feldspars, and carbonates). Following their article, initial efforts at geochemical reaction modeling by Hutcheon et al. (1993) confirmed the function of silicate equilibrium on governing the CO 2 content of the reservoirs reported by Smith and Ehrenberg. In an attempt to address mineralogical and pore-water variability of reservoirs, Hutcheon et al. (1993) included the Icelandic geothermal observations of Arnorsson et al. (1983) , whose calculated P CO 2 (at a given temperature) is two to three orders of magnitude below those observed by Smith and Ehrenberg ( Figure 7 ). These differences were explained by modeling different mineralogical assemblages and pore-water chemistries. However, the two trends noted for geothermal (lower P CO 2 ) and sedimentary (higher P CO 2 ) were explained solely by thermodynamic equilibrium of various mineral phases and shown to be mostly independent of pore-water solutions (Coudrain-Ribstein et al., 1998) . The lower P CO 2 was attributed to mineral equilibrium with calcite and calcium-aluminum silicates and the higher P CO 2 to equilibrium with calcite, dolomite, and magnesium-aluminum silicates. One of the key differences between the low and high CO 2 fugacity equilibrium systems is that, in the geothermal case, only one carbonate (calcite) is used, whereas in the sedimentary system, both calcite and dolomite were required as buffers. More recently, these P CO 2 differences were attributed solely to reservoir mineralogy (Cathles and Schoell, 2007) . The lower fugacity of CO 2 observed in the basaltic geothermal system (Arnorsson et al., 1983 ) was attributed to . Concentration of (a) normalized hydrocarbon (HC) and (b) nonhydrocarbon gases in the Mobile Bay field. Symbols represent the general gas families based on the extent of thermal alteration and are typically associated with the production areas (MA = Mary Ann; AB = Aloe Bay; NWG = Northwest Gulf; NCG = North Central Gulf; BSB = Bon Secour Bay). C1 = methane; C2 = ethane; C3 = propane; iC4 = isobutane; nC4 = normal butane; iC5 = isopentane; nC5 = normal pentane; CO 2 = carbon dioxide; H 2 S = hydrogen sulfide. Diamondoid fouling of wellheads in Mobile Bay is associated with the drier gas compositions. carbonate (calcite) equilibrium with calcic plagioclase (high anorthite content), whereas the higher P CO 2 observed in the Gulf Coast and North Sea reservoirs is ascribed to equilibrium of Mg-and Febearing silicates with siderite and magesite (Cathles and Schoell, 2007) .
The estimated P CO 2 for hydrostatic and overpressured conditions for Mobile Bay lies between the two trends ( Figure 7 ). The diagenetic carbonates in the Mobile Bay Norphlet Formation are neither the magnesite-siderite nor the calcite end members of Cathles and Schoell (2007) but consist of nonferroan calcite and dolomite (Kugler and Mink, 1999) . The lack of iron in the carbonates is likely the result of scavenging by H 2 S to form pyrite. Because the current plagioclase is almost pure albite (Kugler and Mink, 1999) , the calcicplagioclase may have been mostly reacted, and the P CO 2 is currently driven by the magnesium silicates (chlorite) and orthoclase. Based on the current mineral assemblages, two reactions were considered to control the CO 2 pressures and bracket the Mobile Bay pressures portrayed in Figure 7 . The first reaction is equilibration between the silicatecarbonate pairs of chlorite-calcite and K-feldspardolomite, where
This reaction is thought to be most representative of the current conditions at Mobile Bay. The second equation is the reaction between mica-calcite and K-feldspar-dolomite as proposed by CoudrainRibstein et al. (1998) where (Smith and Ehrenberg, 1989) , Icelandic geothermal wells (Arnorsson et al., 1983) , and CO 2 pressures calculated from equations of mineral equilibria as described in the text (equations 2 and 3). Mobil Bay data points are for reservoir pressures ranging from hydrostatic (9600 psi) to overpressured (13,000 psi) where calculated P CO 2 (in bars) = 0.035 Â P/14.5 psi.
The P CO 2 values for both reactions were calculated using the numerical simulation program TOUGHREACT using thermodynamic constants from the EQ3/EQ6 thermodynamic database (Table 2) . For equation 2, calculations were performed at a solution pH of 6 and a K + activity of 0.1.
The precise reaction kinetics of the Mobile Bay CO 2 -carbonate-silicate system is not the focus of this article. However, the narrow CO 2 contents of reservoir gas, despite the highly variable extent of the TSR process (and associated production of CO 2 ), suggest that silicate-carbonate reactions buffer the P CO 2 in the field. 
Isotope Ratios
Paralleling the gas compositional data, the stable carbon isotope ratios (d 13 C) of the gas components cover a wide range of values, especially for the wet-gas components (Figure 8 , Table 3 ). The largest range of d In general, the 13 C content increases with decreasing concentration of the wet gases and increasing H 2 S (Figure 9 ). Similar ranges of d
13
C for the wet gases and CO 2 coupled to correlation with H 2 S suggest that the process of wet-gas destruction is associated with TSR (Rooney, 1995) . For example, as the TSR reaction proceeds, the wetter gases are attacked first. This results in the gas becoming drier as the reaction progresses. As a given gas is destroyed, the residual gas becomes enriched in (Figure 8 ), suggesting that it has not reacted significantly during the TSR process.
Condensates
Gas condensate was recovered from six wells representing three of the producing areas of the field: Bon Secour Bay (BSB) (Exxon 63-1, Exxon 78-1), NCG (Exxon 114-2, Exxon 114-3), and northwest Gulf (NWG) units (Mobil 823-5 and Exxon 111-3). A gas chromatographic trace of a representative condensate shows that more than 90% of the compounds are composed of diamondoids ( Figure 10 ). Diamondoids are so named because their chemical structures consist of rigid fused cyclohexane rings, resembling diamonds ( Figure 10 ). These compounds include adamantanes with one cage, diamantanes with two cages, and triamantanes with three cages. Higher diamondoids have more than three cages and include tetramantanes, pentamantanes, hexamantanes, and so on (Lin and Wilk, 1995; Dahl et al., 2002) . The diamondoids occur naturally in oils, condensates, organic-rich rocks, and coals (Dahl et al., 1999; Wei et al., 2006) . Although the exact origin of diamondoids is uncertain, they are thought to form by acid catalysis from tricyclic, tetracyclic, or pentacyclic precursors during diagenesis and/or catagenesis of the organicrich rocks. Because of their structure, they resist thermal decomposition and have been used to assess thermal destruction of oil (Dahl et al., 1999; Wei et al., 2007) , thermal maturity (Chen et al., 1996) , Figure 9 . Plot of gas dryness versus d
13
C of ethane and concentration of H 2 S in Mobile Bay gases showing that the depletion of wet gases is associated with heavier isotope ratios of the ethane and increased concentration of H 2 S. These relationships clearly indicate that thermochemical sulfate reduction (TSR) processes control gas wetness and H 2 S production in the field. MA = Mary Ann; AB = Aloe Bay; NWG = northwest Gulf; NCG = north central Gulf; BSB = Bon Secour Bay. and biodegradation (Grice et al., 2000) . Additionally, the distribution of the dimethyl-diamantanes has been used to differentiate organic facies (Schulz et al., 2001 ). Resistance to thermal destruction and association with high-maturity gas fields can cause gas-line plugging during production. For example, the drier gas wells in Mobile Bay, where diamondoids are more concentrated through destruction of wetter gases during TSR, commonly experience diamondoid fouling at the wellheads during depressurization and cooling.
Within a given cage type, methyl (or ethyl) groups can occur at positions on the cage that are either sites of tertiary (three connected carbon atoms) or secondary (two connected carbon atoms) carbons. The tertiary position is also termed the bridgehead and is more thermally stable than the secondary substituted carbons (Figure 10) . Ratios of the selected bridgehead to secondary substituted compounds have been used as a surrogate for evaluation of the thermal maturity of source rocks and oils (Chen et al., 1996) . For example, in the singlecage adamantanes, the ratio of 1-methyl to 2-methyl adamantane is thought to increase with thermal maturity. Several ratios based on this principle have been derived and used to evaluate thermal maturity (Chen et al., 1996; Schulz et al., 2001; Wei et al., 2007) . For the Mobile Bay condensates, ratios of all bridgehead-to-secondary substituted compounds were calculated for the single-caged adamantanes (BTS1) and the dual-caged diamantanes (BTS2). Both ratios correlate well with the d 13 C ratio of ethane and %H 2 S in produced gas, both measures of the extent of the TSR process (Figure 11 ). Because no evidence of different thermal histories for the sampled wells exists, the maturity ratios of the diamondoids result either from the TSR process or a secondary reaction with its products (i.e., H 2 S). 
DISCUSSION
Charge History
The profile of the FIVs (Figure 4 ) coupled with the current gas-water contacts (GWCs) allow the evaluation of hydrocarbon charge at Mobile Bay. The elevated values of the C 3+ (m/z 41), paraffins (m/z 57), and naphthenes (m/z 55) are interpreted to indicate a paleo-oil column with the oil-water contact at 6625.3 m (21,743 ft). The occurrence of FIV wet-gas signatures in the upper porous zone is consistent with the presence of pyrobitumen in the reservoir and confirms previous interpretations of an earlier oil column that was later cracked to gas (Dixon et al., 1989) . Because the pyrobitumen is disseminated throughout the paleo-oil column, its occurrence is interpreted to be the result of the thermal cracking of oil instead of deasphalting by a subsequent charge of gas. In the latter case, the bitumen would likely be concentrated near the paleocontact. Below this paleo-oil-water contact, the FIV values indicate mostly dry gas (methane) that continues through the current GWC at 6652.3 m (21,825 ft) and into the water leg. At preproduction reservoir pressures greater than 10,000 psi (>68,950 kPa [690 bars]), the current GWC cannot be explained by the thermal cracking of a preexisting oil column alone in most wells. An additional charge of gas to the reservoir is necessary to account for the present reservoir volume below the paleo-oil-water-contact. For example, experimental cracking of Gulf Coast oils showed that 42 to 49% by weight of oil is cracked to gas . At the hydrocarbon composition of the mostly unreacted (by TSR) gases found in the NCG area of the Mobile Bay field, this equates to about 2500 to 3000 standard cubic feet (scf ) of gas per barrel of oil for a range of API gravity between 24 and 30°. A similar experimental study by Tian et al. (2008) using a 37.2°API gravity of oil from the Tarim Basin showed comparable cracking yields, with a maximum of 3060 scf/bbl of oil cracked. At this conversion (and reservoir pressures), the ratio of the gas-column height below the paleo-oil column to that above the paleooil column needs to be less than 0.5 for oil cracking to be solely responsible for the gas at Mobile Bay. However, this ratio averages 2.0 for the wells that penetrated the GWC (23 wells), suggesting that an additional late-gas charge is required to fill the Mobile Bay field.
Within the study area, the present-day depth of the Norphlet Formation is within 400 m (1312 ft) for all wells. Thus, maturation differences are minor, and charge timing from a Smackover source within the area is similar for all the wells. Based on the modeled well, the Smackover source entered the oil window about 140 Ma (∼125°C), then the gas window at 105 Ma (∼180°C), and was spent at 80 Ma (194°C). Assuming hydrocarbon expulsion follows generation, the timeframes mentioned above would be the youngest for trap fill. However, if the hydrocarbon charge is from the maturation of downdip (basinward) time-equivalent shales of the Smackover Formation, timing could be much earlier. The downdip shales could be more oil prone (and with lower generative GOR) thus providing the initial oil charge to the field. Following in-reservoir oil cracking, the leaner updip shales (Rice et al., 1997) within the Mobile Bay area could provide the later charge of gas.
Diamondoid Maturation
Previously, we showed that the thermal stability ratios of the diamondoids paralleled the H 2 S concentrations and the d 13 C of ethane, an indication for the extent of TSR (Figure 11) . We are tempted to use the isotope ratios of the gases to estimate the thermal maturation of gases and diamondoids using the relationships derived by Berner and Faber (1996) . However, their estimated maturities are predicated on the primary generation of gases and do not consider secondary processes such as oil cracking and TSR. Nevertheless, assuming that the later charge of gas dominates gas composition, Figure 12 . Relative abundance of the dimethydiamantanes (DM Diam) for other marine oils versus the Mobile Bay condensates. The other oils shown represent the Paleozoic of North Africa (N. Afr. Paleoz), offshore west Africa (W. Africa), the Tertiary of the Gulf of Mexico (GOM Tert, i.e., Wilcox), the Cretaceous of the Gulf of Mexico (GOM Cret, i.e., Eagleford), the Monterey Formation offshore California, and onshore Smackover oils from the Gulf of Mexico. Although the depletion of the 3,4 isomer has been attributed to carbonate sources (Schulz et al., 2001) , its apparent lower stability compared to the 4,8 isomer may be determined by exposure to reactive sulfur (H 2 S).
the methane isotope ratios of −36 to −39‰ would suggest an R o ranging between approximately 1.5 to 1.8% in the main-to late-stage gas generation. For the least TSR-reacted wet gas (ethane) in the 114-3 well, the R o estimate would be about 1.8% (Berner and Faber, 1996) . Present-day maturation in the Norphlet is estimated to be at an R o of 2.2% (Figure 3) , beyond any significant generative potential in the Mobile Bay field proper and especially downdip of the area.
An insight into whether the diamondoid apparent maturities are controlled by the extent of TSR or, simply, the presence of H 2 S may be gained by viewing the relationship between the dimethyldiamantanes. A comparison of the Mobile Bay condensates to other marine oils, including other Smackover oils, shows that the Mobile Bay condensates are at the extreme end of the population (Figure 12 ). The two least TSR-reacted condensates from the NCG area (Exxon 114-2 and Exxon 114-3 wells) plot near the other Smackover oils. However, the other condensates from higher H 2 S wells (with more extensive TSR) continue to be enriched in the 4,8 isomer and depleted in the 3,4 isomer. This trend was interpreted to reflect increasing carbonate in the source rock (Schulz et al., 2001) . However, at Mobile Bay, there is no reason to expect an increase of carbonate in the Smackover where the 4,8 dimethyl-diamantane is enriched. Instead, a consistent increase in the 4,8 isomer with increasing TSR or, perhaps, just exposure to H 2 S is observed. Support for the latter is the proximity of the Gulf of Mexico (GOM)-Cretaceous oil and the Monterey oil to the Smackover oils in Figure 12 . The GOM-Cretaceous oil was generated from the Eagle Ford Shale (a marl) and the low-maturity Monterey oil from the Monterey Formation, both containing type IIS kerogen. The on-trend occurrence of these oils near the Smackover oils and Mobile Bay condensates suggests that the 3,4 isomer depletion and the 4,8 isomer enrichment are related to exposure to reduced sulfur instead of the extent of TSR. In the case of the GOM-Eagleford or Monterey oils, the exposure Figure 13 . Plot of the isotope ratios of ethane and carbon dioxide showing two apparent trends for the Mobile Bay gases: the first trend encompasses the reservoirs parallel to the Northwest Gulf fault and the other trend represents most of the other reservoirs in the field. Well 822-6 is 6 km (3.7 mi) south of the NWG fault. MA = Mary Ann; AB = Aloe Bay; NWG = northwest Gulf; NCG = north central Gulf; BSB = Bon Secour Bay.
occurred either during diagenetic alteration of the diamondoid precursors or during oil generation. In the case of the Mobile Bay condensates, the process was extended by postgeneration exposure to H 2 S as a result of TSR.
Carbon Dioxide Origin
A correlation between hydrocarbon (ethane) and CO 2 d 13 C values is apparent (Figure 13 ), and two observations are worth noting. First, the isotope values of CO 2 are generally heavier than ethane by about 15‰. If a direct oxidation of the hydrocarbons to CO 2 occurs by sulfate reduction during TSR, then one expects a similar or slightly lighter d 13 C value for the CO 2 relative to the oxidized hydrocarbon. The large difference and heavier isotopic values for CO 2 observed suggest that after generation, CO 2 re-equilibrates with the C 13 -enriched waterrock system. The relatively constant concentration of CO 2 in the field noted previously and the d 13 C relationships seem to confirm the active nature of the silicate-carbonate-water equilibrium reactions.
The second noteworthy aspect of Figure 13 is that there appears to be two trends for the d 13 C ratios of CO 2 and ethane at Mobile Bay, differing by about 5‰. The lower d 13 C CO 2 -depleted trend is associated with reservoirs south of the NWG fault (Figures 1, 14) , whereas the 13 C CO 2 -enriched trend encompasses most of the other field areas.
A transition zone appears to occur near the eastern edge of the NWG fault in the NCG area of the field. The well closest to the fault (Exxon 114-3) has the most depleted CO 2 value (d 13 C = −15.9‰), and the well furthest from the fault (ExxonMobil 114-4) has the most enriched value (d 13 C = −11.1‰). The association of the 13 Cdepleted CO 2 with a fault zone could suggest that the observed trend is related to gas migration up the fault. However, deep-seated CO 2 is typically enriched in 13 C if derived from either the thermal decomposition of carbonates (0 ± 4‰) or the mantle (∼−4 to −5‰; Jenden et al., 1993) . The isotopically light d 13 C CO 2 values observed near the fault do not correlate with d 13 C CO 2 for the thermal decomposition of carbonates or a mantle origin for CO 2 . Instead, the relatively light d 13 C CO 2 values near the fault are consistent with an organic origin. As noted previously, the listric faults at Mobile Bay (Figure 2) were active during Norphlet deposition and continued until shortly after deposition of the Smackover Formation. The fault created accommodation space on the north flank of the NWG fault. This accommodation allowed deposition of Smackover organic-rich shales that are juxtaposed to the Norphlet reservoirs on the south side of the fault (Figure 14) . This permits the face loading of CO 2 released during diagenesis and early catagenesis of the organic material in the Smackover shales into the Norphlet Formation. The result is that the dunes south of the NWG fault have been charged with 13 C-depleted CO 2 that has further re-equilibrated with the waterrock system in the reservoirs. Several wells with intermediate positions between the two curves in Figure 13 are observed. The only well south of the NWG fault (Mobil 822-6) is about 6 km (3.7 mi) from the fault (Figure 1 ) and may not have fully equilibrated with the 13 C-depleted charge. The other wells are north of the NWG fault in AB (Mobil 75-1), BSB (Exxon 63-1), and MA (ExxonMobil 76-3) areas. These wells are also associated with cross-dune listric faults and may have received a partial charge of the organically derived CO 2 from the diagenesis of the Smackover shales.
Carbon Dioxide Sequestration and Reservoir Volume Implications
The sequestration of CO 2 as carbonate minerals in the Norphlet Formation has direct influence on the relative pressures between reservoir compartments and the direction of fill-and-spill scenarios. The TSR process is destructive, removing the wet gases and condensate and transforming them to CO 2 , H 2 S, and possibly, pyrobitumen. One might assume from equation 1 that hydrocarbon gas is transformed to nonhydrocarbon gas with little effect on reservoir volumes (pressures). However, further reaction of CO 2 with the silicate minerals to form carbonates results in more than 100% reduction in volume. For example, 1 cm 3 (0.06 in.
3 ) of calcite equates to a sequestration of 2.17 cm 3 (0.13 in.
3 ) of CO 2 at reservoir conditions (z factor for nonideal gas behavior of 1.35 at a pressure of 10,000 psi [68, 950 kPa] ). For dolomite, it is equivalent to capturing 2.33 cm 3 (0.14 in.
Evaluation of Reservoir Spill and Fill Relationships
Because of the depth, temperature, and acid-gas composition at Mobile Bay, some downhole tools are not reliable, resulting in the lack of bottomhole pressure data for the field. Furthermore, seismic imaging at 6500 m (21,320 ft) below the surface is challenging, even with three-dimensional data. Therefore, beyond well control, imaging the top, base, and lateral surfaces that seal the Norphlet reservoir is difficult. For evaluating reservoir connectivity, potential fill-and-spill scenarios need to be established between adjacent compartments composed of the dunes or dune sets that form the reservoir units at Mobile Bay. In conventional analysis of fill-and-spill relationships, several assumptions are observed: (1) leak or spill points where fluids move from higher to lower pressure compartments exist; (2) hydrocarbon charge is sufficient such that no underfilled compartments are observed; and (3) because pressures equilibrate quickly, the reservoir-connectivity analysis is essentially time independent and can define preproduction fluid contacts and pressures. This procedure allows the prediction of fluid types (oil versus gas) and their contacts. A schematic of fill and spill based on these principles is portrayed in Figure 15 . However, the hydrocarbon system at Mobile Bay is far from conventional, and the aforementioned assumptions may not be valid. The first assumption (sinks and leak points) is not violated. However, at Mobile Bay, instead of the traditional fault, sealbreach, or spill points, we suggest alternative sinks based on hydrocarbon destruction during TSR (and the concomitant mineralization of CO 2 and H 2 S). These reactions produce a volume reduction that creates a pressure drop or sink to allow the movement of fluids (water or gas) toward the area of gas destruction. The second assumption of sufficient hydrocarbon charge to fill the trap space at all times is contradicted by the source-yield interpretations. Based on the thermal history of the Smackover Formation, hydrocarbon charge ended about 80 Ma (R o equivalent of ∼2.0%, Figure 3 ) and trapped hydrocarbons underwent further destruction by TSR.
Finally, the third assumption of time independence for compositional data may not be valid for the geochemical data at Mobile Bay. When evaluating reservoir connectivity using geochemical data, similar compositions are interpreted to indicate connectivity and different compositions indicate reservoir barriers or baffles. Biological or thermal processes acting on reservoir fluids respond to transients more slowly than fluid pressures, depending on the rate of the process with respect to the mixing of the fluid. Thus, we expect pressure equilibration before chemical equilibration. For illustration, consider a theoretical example where biodegradation occurs at the oil-water contact (OWC). If the rate of degradation exceeds the rate of fluid homogenization within the reservoir, then a gradient will occur with more biodegraded fluids at the OWC and the less biodegraded fluids near the top of the reservoir. In this case, there could be a connected reservoir with different fluid compositions. At Mobile Bay, fluid compositions of the wells have been monitored by the operator over the life of the field. No significant chemical differences have been noted, suggesting that compositional transients either do not exist (well mixed with respect to the TSR process) or are minor.
Because transients are not apparent at Mobile Bay, gas compositions can be used to assess reservoir connectivity. The gases at Mobile Bay contain both hydrocarbons and highly water soluble CO 2 and H 2 S. As shown previously (Figure 9 ), some compositions (e.g., gas dryness, mol% H 2 S) and carbon isotopic ratios (d 13 C) of the hydrocarbon gases covary, and either measurement can be used to evaluate gas-column connectivity. The relatively constant concentration of CO 2 in the gas (i.e., about 3.5 mol%) contrasts with its highly variable isotopic ratios, suggesting water-gas-rock interactions. These results imply that CO 2 is in equilibrium with the aquifer, thereby allowing the assessment of the water-leg connectivity through the use of the d 13 C CO 2 values. Therefore, the analysis of a single gas sample can be used to evaluate reservoir connectivity of both the gas column (hydrocarbon composition and isotope ratios of hydrocarbons) and the water leg (d 13 C CO 2 ). Figure 15 . Fill-and-spill model assuming that gas charge exceeds trap space. Red arrows indicate the direction of hydrocarbon spill. Blue arrows indicate the direction of aquifer breakover from higher-to lower-pressure aquifers. This is necessary when spilling hydrocarbons from a shallower to deeper gas-water contact. NWG = northwest Gulf area; AB = Aloe Bay; BSB = Bon Secour Bay; NCG = north central Gulf area; MA = Mary Ann.
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Gas Geochemistry of the Mobile Bay Field
The simplified isochore map of the Norphlet Formation (Figure 6 ) gives the false impression of a simple linear array of longitudinally connected dunes. In reality, syn-and postdepositional faulting and salt movement created a complex system of reservoir top-and base-seal relationships. A schematic representation of Norphlet reservoir development shows that various seal architectures can occur, resulting in many connectivity scenarios (Figure 16 ).
An example using the geochemistry data from the NCG illustrates some of this complexity (Figure 17 ). Wells Exxon 114-2, Exxon 114-1, and ExxonMobil 114-4 represent a southwest to northeast transect between two dunes. The gas column is baffled or sealed by diagenesis in the interdune lithologies in an expanded tight zone that contacts the base seal (the Louann Salt in this case). The isotope difference in C 2 (ethane) between the two dunes is small at about 0.6‰. This small value coupled with the difference in the H 2 S between the two wells (1% in Exxon 114-2 and 0% in ExxonMobil 114-4) suggests that the gas columns are at least baffled if not isolated. The large isotopic difference in CO 2 (2.6‰) suggests isolation between the two water legs. The Exxon 114-3 well is located north of the Exxon 114-2 well within the same dune. The gas compositions and isotope ratios of the hydrocarbons in these two wells are virtually identical ( Tables 1, 3 ), implying connectivity between the gas columns. However, the large difference (2.2‰) between the isotope ratios of the CO 2 in the wells suggests that the aquifers in the two wells are isolated. Figure 18 shows the fieldwide fill-and-spill diagram for Mobile Bay based on gas composition and the carbon isotope ratios of the gases. Spill direction is constrained as follows: gases must spill from less reacted (wetter) to more reacted (drier). The reverse direction would imply the creation of wet gas from dry gas, which is impossible without additional influx of gas. As was shown previously, the source rocks in Mobile Bay are spent, with no potential to generate additional hydrocarbons, but Figure 16 . Geologic evolution of the Norphlet reservoirs at Mobile Bay from deposition and salt structuring to diagenesis and trap fill. The potential fill-and-spill and connectivity relationships between sand dunes are determined by base, lateral, and top seal integrity between and along dunes. GWC = gas-water contact.
the potential to remigrate gas into the Mobile Bay structure is difficult to constrain. The mechanism for spill direction is pressure reduction caused by loss of wet gas through TSR and subsequent sequestration of the CO 2 product to carbonate and H 2 S to pyrite. For example, at 10,000-psi (68,950-kPa) reservoir pressure, a 1% drop in the gas content will reduce the pressure by 100 psi (689 kPa). Because the isotope ratios of methane suggest that it is not significantly reacted by TSR, wet-gas removal drives the pressure reduction. In the NWG area, the wet-gas content of the dune containing the Shell 113-1 and Shell 113-3 wells is about 13.8% versus about 4.7% for the dune with the Exxon 112-1 and ExxonMobil 112-4 wells ( Figure 1, Table 1 ).
This equates to about 900-psi (6205-kPa) pressure differential at 10,000-psi (68,950-kPa) reservoir pressure.
Within the Mobile Bay field, four possible internal exit points or sinks located in the AB, NWG, MA, and BSB areas are observed. As mentioned previously, these exits are hypothesized areas of reduced pressure caused by volume reduction initiated by gas destruction and mineralization of CO 2 and H 2 S during TSR. These exits are essentially TSR reactors of gas destruction. Because the reservoirs in the NCG area have the least TSR-reacted gas, no exit within the NCG is observed, but it is permissible to spill gas toward reservoirs of higher TSR destruction (i.e., pressure Figure 17 . Example of connectivity evaluation in the north central Gulf area. The well cross section is a northeast-southwest transect between two dunes. Also shown on the location map (location shown in Figure 1 ) is the 114-3 well within the same dune as the 114-2 well. Isotope ratios of the CO 2 suggest that the water legs between the dunes and within the dune penetrated by the 114-2 and 114-3 wells are not in communication. Similarly, the isotope ratios for the hydrocarbons suggest that the gas legs between wells 114-2 and 114-3 (shown on the map inset, Table 3 ) are in communication but may be baffled by interdune diagenesis between the 114-2 and 114-4 (projected) wells. GDT = gas down to. The location map is an isochore of the Norphlet in this area (red, >600 ft (183 m) in thickness; yellow, 500-600 ft (152-183 m); light tan, 400-500 ft (122-152 m); etc.). The light green is the interdune areas less than 150 ft (46 m) in thickness. Pyr-Dolo = pyrobitumen-dolomite; Tight Zn = tight zone; U. Por. Zn = upper porous zone; L. Por. = lower porous zone; Pnhill Anhy = Pine Hill Anhydrite Member; Lou. Salt = Louann Salt; Norp. = Norphlet. Figure 18 . Proposed fill-and-spill relationships for the Mobile Bay field based on gas compositions. The map is on top porosity with the relative gas-water contacts shown. The different colors reflect the extent of the TSR reaction, with hotter colors indicative of a higher extent of reaction and cooler colors indicative of a lesser-reacted gas. No samples are available from compartments with a gray color. Four exit or sink areas (highly reacted) are shown for the field. These are located in the northwest Gulf (NWG), Aloe Bay (AB), Mary Ann (MA), and Bon Secour Bay (BSB). reduction). Three of the four exit points are associated with highest concentrations of H 2 S (AB, MA, and BSB). The gases in the NWG area (represented by wells Exxon 112-1 and ExxonMobil 112-4) have less than 0.5% H 2 S yet have the most reacted wet-gas compositions and heaviest wetgas isotope ratios in the NWG area. The low H 2 S, yet highly reacted hydrocarbon gas likely reflects the scrubbing of H 2 S to form pyrite by available iron.
CONCLUSIONS
Geochemical analyses of gases and condensates from the Mobile Bay field indicate that thermal cracking followed by TSR are the dominant processes affecting gas composition. The condensates are composed almost entirely of diamondoids whose occurrence and isomeric distribution appear to reflect the extent of the TSR process (reaction with H 2 S) instead of thermal maturity. The extent of TSR is variable throughout the field and results in a wide range of hydrocarbon and nonhydrocarbon gas compositions. For example, the wet-gas compositions (C 2 +) range from less than 0.1 to about 15 mol%, and H 2 S ranges from trace amounts to about 10%. In contrast, CO 2 is relatively constant in the field at about 3.5 mol%, suggesting water-rock-gas equilibration. Although CO 2 contents are similar in the field, the d 13 C of the CO 2 shows a wide range of values that correlate with the extent of the TSR reaction.
Because of the water-rock interaction of CO 2 , its isotope ratio in a gas sample can be used to evaluate water-leg connectivity in the absence of water samples. The wide range in gas compositions allows further evaluation of reservoir connectivity between the various dunes by constraining the permissible fill-and-spill pathways through the following processes. The thermal destruction of hydrocarbons is irreversible, with spill directions constrained from less-reacted to more-reacted compartments. The TSR process coupled with the mineralization of the products (CO 2 and H 2 S) creates a volume reduction and associated decrease in reservoir pressure. This reduction in pressure establishes volume sinks that allow the influx of gas and water from adjacent compartments that contain less-reacted fluids. Because of the wide range in H 2 S concentrations at Mobile Bay, knowledge of spill direction allows the prediction of corrosive gases in undrilled prospects (dunes). This is important for the design of well-material and of top-side facilities.
Four sinks ( TSR reactors) were identified at Mobile Bay. Three of the sinks appear to be active (MA, AB, and BSB), and one is possibly dormant (NWG). The TSR reactor in the NWG area (represented by wells Exxon 112-1 and ExxonMobil 112-4) may be dormant because of low H 2 S associated with highly TSR-reacted wet gases (based on composition and d
13 C values). The H 2 S formed from TSR was likely scrubbed by iron in the system. Why has the H 2 S in the other reactor sinks not been similarly scrubbed? Possibly the dune set in the NWG area has more iron-bearing minerals, or alternatively, the TSR reactor has shut down because of limited reactants. Why or how the dune drilled by the Exxon 112-1 and ExxonMobil 112-4 wells would contain higher iron contents than the surrounding dunes is unclear and seems unlikely to explain reactor shutdown. Limited reactants (sulfate or hydrocarbons) may be more plausible. In this case, either the available sulfate was consumed by the reaction or, as TSR proceeded, pressure was reduced and the GWC moved up out of the reaction zone thus removing the hydrocarbon feedstock from the sulfate source. The latter scenario presumes that a gas-water interface is necessary for the TSR reaction. Further work comparing the rock matrices in this well with currently active reactors at MA or BSB may resolve the cause and mechanisms of TSR limitation. However, the map distribution of gas families (Figure 6 ) suggests that the rock matrix may be the key. For example, of the four reactors identified, two are associated with linear dunes that are cut by what is interpreted to be sealing faults (i.e., the BSB reactor is in the same dune as in the MA area and the NWG reactor is in the same dune as AB). This implies that TSR is enhanced in geographically controlled sediment packages (anhydrite?). One possible source of anhydrite is the interdune sediments adjacent to the dunes. These interdune areas may reflect paleosabkhas that harbored cryptocrystalline anhydrite beds that when juxtaposed to the hydrocarbons initiated and maintained the TSR process. Unfortunately, the interdunes have not been drilled to test this hypothesis. Possible further studies of the rocks in the various TSR reactors may help to identify key controls on the rates of the TSR process at Mobile Bay.
The relatively constant d 13 C values of the methane at Mobile Bay suggest that TSR has not appreciably affected methane and that there has been no late charge of high-maturity gas to the system. Although the d 13 C range of methane in the field is only 3.8‰, note that the most depleted values occur near locations where the TSR reaction has been the most extensive (Exxon 112-1, Exxon 62-1, and Mobil 77-2). Although it is tempting to ascribe this to TSR, a more likely explanation is that these areas are at crestal positions in the field. As such, they likely accumulated early mature gases that were 13 C depleted. The slight depletion of 13 C in these gases may reflect the accumulation of this earlier and less thermally mature charge.
